Introduction
The global stratospheric circulation, termed the Brewer-Dobson (BD) circulation [Brewer, 1949; Dobson et al., 1929] , plays a key role for the global transport of trace gases and for related effects on chemistry and radiation. From a two-dimensional point of view the BD circulation consists of a residual mean meridional mass circulation ("residual circulation, " in the following), causing upward cross-isentropic transport of air in the tropics and downward transport in the extratropics and of additional isentropic (quasi-horizontal) mixing by large-scale eddies ("eddy mixing") [e.g., Plumb, 2002] . The residual circulation is mechanically driven by breaking atmospheric waves [e.g., Haynes et al., 1991] . Likewise, eddy mixing results from stirring related to wave breaking [e.g., Shuckburgh, 2000a, 2000b] . Changes in the BD circulation cause changes in trace gas distributions which, in turn, may impact surface climate [e.g., Solomon et al., 2010; Riese et al., 2012] . Based on model simulations, the stratospheric circulation itself has been shown to change in response to increasing greenhouse gas concentrations [e.g., Rind et al., 1990] . Current general circulation models (GCMs) consistently simulate an accelerating stratospheric residual circulation in a changing climate, as diagnosed from an increasing upward mass flux in the tropics [e.g., Butchart et al., 2010] . Physical mechanisms causing this acceleration have been proposed, like enhanced wave driving forced by both increasing tropospheric temperatures and sea surface temperatures [e.g., Garcia and Randel, 2008; Oberländer et al., 2013] and shifting critical levels for wave breaking [Shepherd and McLandress, 2011] .
The mean age of air (AoA) of an air parcel in the stratosphere measures the average time elapsed since the air parcel had last contact with the well-mixed troposphere [e.g., Hall and Plumb, 1994] . Consequently, without mixing, an air parcel steadily ages on its pathway after entering the stratosphere across the tropical tropopause. Long-term changes of AoA are widely accepted as a proxy for changes in the residual circulation, with decreasing AoA reflecting an accelerating circulation. Current GCMs consistently simulate an AoA decrease throughout the global stratosphere [e.g., Butchart et al., 2010] . Observationally based estimates of AoA, however, provide no indication for an accelerating stratospheric circulation. Instead, balloon-borne PLOEGER ET AL.
In this paper, we simulate global stratospheric AoA with the Lagrangian chemistry transport model CLaMS (Chemical Lagrangian Model of the Stratosphere) [McKenna et al., 2002] driven by European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim meteorological data for the period 1988-2013. We particularly focus on comparisons to the satellite observations from the MIPAS instrument, available during the last decade. Our aim is to investigate the variability of stratospheric mean age of air and of the local effects of the residual circulation and eddy mixing. Therefore, we separate the effects of the residual circulation and of mixing on simulated AoA by applying the isentropic zonal mean continuity equation, the equivalent isentropic formulation of the Transformed Eulerian Mean (TEM) framework [e.g., Andrews et al., 1987] . Using this approach, we are able to explicitly calculate the local effect of eddy mixing on mean age of air and to analyze its regional patterns and temporal changes.
First, we compare simulated AoA to observations (section 2), finding good agreement for the mean age distribution, its interannual variability and even for its change during the last decade (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . Second, we analyze variability on seasonal up to interannual timescales. In particular, the quasi-biennial oscillation (QBO) [e.g., Baldwin et al., 2001 ] turns out to be an important factor causing interannual variability of AoA throughout large parts of the stratosphere. Further, we investigate the temporal variability of the local effects of residual circulation versus mixing, and we analyze the (latitude/altitude) distribution of local mixing effects and their integrated impact on global AoA (sections 3 and 4). We note already here that the investigation of local effects of circulation and mixing allows no conclusions to be drawn about the integrated effect of mixing on the age of an air parcel, because AoA at a given location has been nonlocally influenced during its pathway through the stratosphere. These issues are further discussed in section 3. However, the local analysis allows exploring the nonuniform global patterns of the effects of residual circulation and mixing and hence provides local information about these processes and their decadal changes (section 5). In this sense, we discuss the changes of the local effects of residual circulation and eddy mixing and show that their decadal change during the 2002-2012 period is consistent with a strengthening shallow residual circulation branch in the lowest part of the stratosphere and a shifting circulation pattern above.
Age of Air Simulation and Observations
Mean age of air has been simulated with the Chemical Lagrangian Model of the Stratosphere (CLaMS) [McKenna et al., 2002] for the period 1988-2013, after initialization from a monthly zonal mean climatology based on the MIPAS AoA observations of Stiller et al. [2008] and an 8 year spin-up period (with perpetual 1988 conditions). We ensured independence of our results from the initialization by carrying out an identical simulation for the 2002-2012 period and comparing the two simulations during this period, ensuring that both simulations produce comparable results. The Lagrangian transport of trace gases in CLaMS is based on three-dimensional air parcel forward trajectories and a parameterization of small-scale irreversible PLOEGER ET AL. mixing induced by deformations in the large-scale atmospheric flow [Konopka et al., 2004] . The model is driven with meteorological data from the ECMWF ERA-Interim reanalysis [Deeetal., 2011] . Throughout the stratosphere (above about 300 hPa) potential temperature is used as vertical coordinate in the model, and vertical cross-isentropic velocity is deduced from the ERA-Interim forecast total diabatic heating rate . The Lagrangian transport model CLaMS has been shown to simulate the global stratospheric trace gas distributions well and even the small-scale structures and steep gradients therein [e.g., Konopka et al., 2004] . In particular, the multiyear simulation analyzed here has been shown to realistically represent transport of ozone and water vapor in the lower stratosphere [e.g., Konopka et al., 2010; Ploeger et al., 2013] . The mean age of air in the model is calculated from a "clock tracer" [e.g., Hall and Plumb, 1994; Waugh and Hall, 2002] , a synthetic species with linearly increasing mixing ratio in the lowest model layer (orography following) and without any sources or sinks above. For further details about this multiyear CLaMS simulation, see Pommrich et al. [2014] .
Mean age of air is not directly measurable but may be estimated from measurements of long-lived trace gas species with approximately linearly increasing mixing ratios in the troposphere [Hall and Plumb, 1994] . MIPAS AoA is deduced from observations of SF 6 , as described in much detail by Stiller et al. [2008 Stiller et al. [ , 2012 . The data version shown here is an improved data record of MIPAS age of air, derived from more recent version 5 spectral data with further improvements in the retrieval setup. It covers the full MIPAS mission lifetime from 2002 to 2012. For more details on this data record, see Haenel et al. [2014] . The vertical resolution is about 4-6 km around 20 km altitude and degrading at higher levels (e.g., 7-10 km around 30 km). Major uncertainty of SF 6 based AoA estimates occurs at high latitudes and is related to the mesospheric sink of SF 6 , causing a high bias in deduced AoA (compare Figure A1 ). Note that a systematic error related to non-LTE effects (on the order of 0.5 year), as discussed by Stiller et al. [2008] , has been corrected in the new retrieval version used here. Figure 1a shows AoA at 25 km from the CLaMS simulation for the period 2005-2012. To account for the coarse vertical resolution of MIPAS AoA data we averaged the model AoA between about 22-28 km, for the comparison in Figure 1 . The simulation shows a strong horizontal AoA gradient in the subtropics, which appears in distributions of other long-lived trace gas species as well, and which is indicative for a barrier to horizontal transport between the tropics and midlatitudes at these altitudes [e.g., Plumb, 1996] . A certain part of the AoA variability is caused by the annual cycle and its hemispheric asymmetries. Here we focus mainly on interannual variability. In the tropics, a clear oscillating signal emerges with a period of about 2 years, linked to the QBO, with minimum AoA occurring during QBO easterly phase (black contours show easterly zonal wind). The QBO induces a secondary meridional circulation leading to enhanced tropical upwelling during QBO easterly shear phases and further shifts the subtropical mixing barriers [e.g., of long-lived trace gases [e.g., Randel et al., 1998 ]. The youngest tropical AoA during QBO easterly phases in Figure 1a is consistent with the enhanced upwelling induced by the secondary meridional circulation (further discussion in section 4).
Figures 1b and 1c further show deseasonalized anomalies (after subtracting the mean annual cycle) of AoA at the same altitude (25 km) from the CLaMS simulation and from MIPAS observations. We compare anomalies because these are most suitable for investigating temporal variability, which is the focus of this paper. Note that the effect of the mesospheric SF 6 sink likely causes a high bias of SF 6 -based AoA estimates and an offset between CLaMS and MIPAS AoA, particularly at high latitudes (see discussion above and Appendix A). The anomalies globally show a pattern of repeating minima and maxima with a period of about 2 years, related to the QBO, as already observed for the unfiltered time series. Although the measurement-based distribution appears more patchy than the simulation, there is good agreement between the model simulation and MIPAS for both the pattern and magnitude of the anomalies. In addition, we find good agreement between the CLaMS simulation and mean age estimates based on various in situ observations at 20 km (see Appendix A), enhancing the confidence in the CLaMS simulated mean age.
Closer inspection of the anomaly pattern reveals that maximum anomalies occur in the subtropics. We estimated the location of the subtropical transport barrier (gray symbols), following the method described by Sparling [2000] . Therefore, the hemispheric probability distribution functions (pdfs) of simulated mean age for the respective level have been constructed for all months of the considered period. The minimum of the pdf indicates the mean age value at the transport barrier, from which the corresponding barrier latitude can be derived (for details, see Sparling [2000] ). The transport barrier latitude shows a distinct undulation, consistent with the findings of Palazzi et al. [2011] of a wintertime shift of the subtropical barrier toward the summer hemisphere during QBO westerly phase. This undulation of transport barrier location results from the shift of the zero wind line toward the summer hemisphere during QBO westerly phase, allowing planetary waves and associated mixing to penetrate to lower latitudes compared to easterly phase [Holton and Tan, 1980; Gray and Russell, 1999] . The AoA distribution responds to the combined effects of the QBO-related meridional circulation and mixing modulation [e.g., Gray and Russell, 1999; Choi et al., 2002] , with QBO westerlies coinciding with anomalously weak tropical upwelling and enhanced extratropical isentropic stirring [Shuckburgh et al., 2001] . As a consequence, maximum positive AoA anomalies occur in the wintertime subtropics during QBO westerly phase (e.g., winter 2008/2009). Remarkably, the QBO-induced anomalies clearly affect the AoA variability even at extratropical latitudes. Related year-to-year differences frequently amount to about 0.5 year.
In Figure 2 , deseasonalized anomalies of AoA from the CLaMS simulation are shown at 380 K (ranging from ∼13 km at high latitudes to ∼17 km in the tropics) and at 600 K (∼24 km), for the full simulation period 1988-2013. Both levels show anomalously old air before about 1995, which is likely in parts related to the eruption of Mount Pinatubo in June 1991 [e.g., Diallo et al., 2012] . We exclude this period of anomalously old air from the following analysis and focus on AoA variability during the last decade (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . In the lowermost stratosphere at 380 K, AoA variability is dominated by the annual cycle, and hence, the deseasonalized anomaly shows no clear periodic signal. The anomalies maximize in the extratropics, whereas at higher levels (e.g., 600 K, see Figure 2b ) they maximize more in the subtropics due to the QBO-related transport barrier modulation (see above). The decadal change of AoA from about 2000 to 2013 at 380 K shows a decrease, which appears to be clearest at lower latitudes.
PLOEGER ET AL. At 600 K, the AoA anomalies show the QBO-related oscillation already noted above. However, the figure shows additional modulation with much stronger anomalies during particular periods (e.g., after 2008). The decadal change from about 2000 to 2013 at 600 K shows a clear difference between the two hemispheres, with an AoA decrease in the SH and an AoA increase in the NH. Figure 2b further shows that this particular pattern is not representative for a long-term trend, but largely affected by the anomalously old air in the NH and anomalously young air in the SH after about 2008, likely related to decadal variability. The anomalously old air in the NH after 2008 is even visible in the lowermost stratosphere at 380 K ( Figure 2a ).
Satellite-based measurements by the MIPAS instrument provide the only global observationally based data set of mean age trends hitherto [Stiller et al., 2012; Haenel et al., 2014] . Clearly, the measurement period of MIPAS (2002 MIPAS ( -2012 is rather short, and respective AoA changes are likely affected by decadal variability. The global pattern of the relative decadal AoA change (calculated as linear trend, after deseasonalizing the AoA time series) for the 2002-2012 period simulated by CLaMS shows similar structures as observed by MIPAS (Figure 3 ). In particular, a clear decrease of AoA in the SH and an increase of AoA in the NH stratosphere emerge from both data sets. In these regions the linear trends in both data sets are significant on the 2 level (with the standard deviation of the linear trend and significance levels in multiples of shown as gray contours in Figure 3 ). Although the magnitude of simulated and observed decadal AoA changes differs, with the NH AoA increase stronger in the model and the SH AoA decrease stronger in the observations, the NH/SH increase/decrease pattern shows reliable agreement between model and observations. Note that the sign reversal of the decadal change occurs close to the equator in CLaMS, but displaced into NH subtropics in MIPAS (Figure 3 ). The cause for this difference is not clear. The difference south of 50
• S is likely due to the existence of the mesospheric SF 6 sink (see above). We emphasize here that measuring as well as simulating AoA long-term changes is very challenging. In general, neither different models nor different observations agree exactly in their estimates, and differences between model trends and observations can be much larger and may even differ in their signs [e.g., Waugh, 2009] . We therefore consider the similarity between the CLaMS simulated decadal change pattern and MIPAS observations an encouraging result.
Closer inspection of Figure 3 , shows a change in the evolution of simulated AoA at around 450 K. Above, AoA has increased in the NH and decreased in the SH, as discussed above. Below 450 K on the contrary, in particular, close to the tropopause, AoA has decreased during the last decade. Note that the comparison between CLaMS and MIPAS also shows inconsistencies in certain regions. For instance, the AoA decrease extends to higher altitudes in CLaMS, while MIPAS AoA increases in the subtropics in a layer around 400 K. However, the different evolution of simulated AoA below and above about 450 K indicates that different processes are likely to be involved, which will be further discussed in section 5.
Separation of Residual Circulation and Mixing Effects on Mean Age
A powerful diagnostic tool for investigating time variability of trace gases in the stratosphere is the Transformed Eulerian Mean (TEM) formalism [e.g., Andrews et al., 1987] . To analyze the simulated age of air distributions, we use the equivalent approach for potential temperature as the vertical coordinate, based on the isentropic zonal mean continuity equation for trace gas mixing ratio [e.g., Andrews et al., 1987, equation (9.4.21) ]
The notation here follows Andrews et al. [1987] , with overbars indicating zonal means and primes the deviations from these (fluctuations). The quantity =− g −1 p is the density in isentropic coordinates with p pressure and g the acceleration due to gravity. The ∇ operator is the gradient in the meridional plane, a is the Earth's radius, is latitude, and v * =( v)∕ and =( Q)∕ represent mass-weighted meridional and vertical wind velocities, with the cross-isentropic vertical velocitẏ = Q. The first term S on the right-hand side of equation (1) (1). Note that in isentropic coordinates the zonal mean tracer continuity equation is an exact equation, without neglecting higher-order terms.
Mean age of air Γ is given as the time lag between the stratospheric ( ) and tropospheric ( T ) "clock tracer" mixing ratios (t)= T (t −Γ)= ⋅ (t −Γ) [Hall and Plumb, 1994] , with the constant tropospheric increase rate. Using this property and the fact that for the idealized model "clock tracer" S = 0, equation (1) induces an equation for the tendency (time derivative) of mean age of air [e.g., Plumb, 2002] 
Equation (2) shows that mean age of air fulfills a continuity equation like the mixing ratio of a passive tracer but with an additional unit source reflecting the fact that air ages by 1 year per year, while being transported through the stratosphere. For the sake of simplicity, we add the unit source to the advective terms and denote the sum of all three terms in the first square brackets on the right-hand side of equation (2) "residual circulation tendency" (or "local residual circulation effect"). The eddy flux vector components for mean age are given by
is very small and negligible for all results obtained in this paper (not shown). For the following, we include it into the eddy mixing tendency, for simplicity, and define the "mixing tendency" (or "local mixing effect") as
While the left-hand side of the mean age continuity equation (2) can be directly calculated from the AoA time series (hereafter directly calculated tendency), the right-hand side represents an indirect calculation of AoA tendencies resulting as the sum of the contributions from the residual circulation and eddy mixing (hereafter indirectly calculated tendency).
Model simulations provide all necessary quantities to evaluate equation (2) (2), including the contributions of residual circulation and eddy mixing. Overall, there is a remarkably good agreement between both terms throughout the stratosphere (similarly for all other months), which is a prerequisite for a meaningful diagnosis of simulated AoA variability based on the isentropic zonal mean formalism. In particular, during spring and summer (here June), AoA decreases in the NH lower stratosphere below about 500 K as a result of the "flushing" of this region with young air from low PLOEGER ET AL.
©2014. The Authors. (2), respectively. Altitude levels (in km) are shown as dashed, the residual circulation as arrows.
latitudes [e.g., Bönisch et al., 2008] . Above about 500 K, NH AoA increases during summertime. The strongest AoA increase during June, however, occurs in the SH extratropics due to diabatic descent in the Antarctic polar stratosphere.
Local Circulation and Mixing Effects and Relation to Circulation Patterns
We particularly emphasize the notation of the different tendencies in equation (2) as local effects on AoA. This highlights the fact that locally the AoA tendency, and hence the AoA variability, is controlled by the residual circulation and mixing tendencies at the given location, in the sense of equation (2). However, as recently pointed out by Abalos et al. [2013a] this local Eulerian view does not allow the air parcel history to be analyzed. Consequently, the AoA variability may be locally dominated by the residual circulation effect, while mixing has affected the air parcel earlier on its pathway and, indeed, is important for its composition [see, e.g., Garnyetal., 2014]. On the other hand, the clear advantage of the local (Eulerian) view is that it provides information about the local processes of residual circulation and mixing, which will be exploited in the following. In section 3.2 we further discuss the nonlocal (or integrated) effects of mixing on mean age. It is important to keep in mind that both the local and nonlocal (integrated) analysis provide complementary views of the same processes. Figure 5 shows the local effects of the residual circulation and eddy mixing on mean AoA, averaged over the period [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . Both effects are diagnosed within the isentropic zonal mean framework of equation (2) as the respective contributions to the AoA tendency budget. The sum of both terms shown in the figure constitutes the (indirectly calculated) net AoA tendency.
In the tropics and subtropics, the local residual circulation effect decreases AoA on average by advecting young air masses upward and poleward. In the same region, eddy mixing increases AoA by in-mixing of aged air from high latitudes. At middle and high latitudes the residual circulation increases AoA by downward advection of aged air from above, whereas eddy mixing decreases AoA by horizontal (isentropic) exchange with the tropics. Therefore, mixing locally counteracts the effect of advection by the residual circulation. As a consequence, both local effects of residual circulation and mixing on AoA largely cancel throughout the global stratosphere. Observable AoA changes locally emerge as the residual from this balance. Under steady state conditions (e.g., for an annual mean atmosphere in the absence of trends) a total cancelation could have been expected from the mean balance between local residual circulation and eddy mixing effects in equation (2). An approximate cancelation holds also for individual seasons, and has already been demonstrated for stratospheric trace gas species like N 2 O [Randel et al., 1994] , again illustrating the tracer-like character of mean age.
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©2014. The Authors. Comparison of the local residual circulation and eddy mixing effects on AoA in Figure 5 illustrates how both effects contribute to the poleward transport of young air. This poleward transport is caused by advection by the residual circulation equatorward of about 40
• and by eddy mixing poleward. Recently, Ploeger et al. [2013] found a similar latitudinal separation for the local effects of residual circulation and eddy mixing on horizontal water vapor transport. The enhanced vertical gradient in the local residual circulation effect around 500 K (∼20 km) and the strong horizontal gradient around 40
• N/S indicate the separation of a shallow circulation branch from the deep branch above [compare Birner and Bönisch, 2011] . The sign reversal in the local residual circulation and mixing effects around 40
• N/S shows the latitudinal separation between both circulation branches. Equatorward of about 40
• N/S, advection by the shallow branch transports air from the tropics poleward. At higher latitudes (poleward of about 40
• N/S) downward advection of old air from above by the deep branch dominates the residual circulation effect (see Appendix B for a separation between vertical and horizontal tendency components), resulting in the separation of aspect ratios, the ratios of vertical to meridional extent of air parcel trajectories, as shown by Birner and Bönisch [2011] . The strong vertical gradients in the climatological mean of both effects around 500 K are, to some degree, related to a different seasonality in the deep and shallow circulation branches.
Nonlocal (Integrated) Mixing Effect: "Aging by Mixing"
Remarkably, strongest local eddy mixing occurs below about 500 K ( Figure 5 ). However, this fact by no means implies that mixing is unimportant for AoA above. It has been shown that stronger mixing increases recirculation into the tropics and increases AoA [e.g., Neu and Plumb, 1999; Strahan et al., 2009; SPARC-CCMVal, 2010] . Recently, Garnyetal.[2014] pointed out that mixing between tropics and extratropics in the lowest part of the stratosphere crucially affects AoA at all levels above the mixing level, causing an additional aging. They diagnosed the effect of mixing as the difference between simulated AoA and the transit time along the residual circulation and denoted this difference as "aging by mixing. " Our approach based on the zonal mean tracer continuity equation offers the facility to calculate this "aging by mixing" explicitly. For that purpose, equation (2) has to be integrated along a residual circulation trajectory ending at a given location and time t (a characteristic of equation (2)), which is the path followed by this air parcel if it were advected by the residual circulation. Along this trajectory, d∕dt = t + v * a + Q * , and equation (2) yields an equation for mean age at that location and time. The first term on the right-hand side is the residual circulation transit time RCTT = t − t 0 , with t 0 the time of tropopause crossing. The second term, the integrated local mixing effect, represents the additional aging by mixing. Consequently, equation (4) provides a separation of mean age into the integrated effects of advection by the residual circulation and mixing along the residual circulation trajectory.
To diagnose the aging by mixing using equation (4) (Figure 5b ). The air parcel ending within the subtropical region of maximum integrated mixing effect (black line, labeled A) samples only regions of positive local mixing tendencies. In contrast, the air parcel ending within the region of negative integrated mixing effect (B) samples atmospheric regions of totally different mixing characteristics. This air parcel is strongly affected by the negative local mixing tendencies at high latitudes ( Figure 5b ) and less by the large positive mixing tendencies in the subtropics, such that the net integrated mixing effect (aging by mixing) is negative.
We emphasize again that our approach to diagnose the additional nonlocal aging by mixing is based on an exact calculation of daily local eddy mixing tendencies. Therefore, the calculated aging by mixing is not influenced by additional numerical uncertainties and diffusion in the model.
Variability in Mean Age and in Local Residual Circulation and Mixing Effects
To investigate the variability in residual circulation and mixing at a given location, analysis of their local effects is required. In particular, regarding variability on shorter timescales (here seasonal to interannual), this provides a valid method to quantify the impact of the local residual circulation and mixing, which has been extensively used for many different trace gas species [e.g., Randel et al., 1994 Randel et al., , 1998 Abalos et al., 2013b] . As pointed out above (section 3.2), the local analysis constitutes a complementary view to the nonlocal, integrated approach, with both methods yielding consistent results (see Figure 6) . In this section, we discuss the variability from seasonal to interannual timescales in more detail and for four different regions, in the tropical, the NH subtropical, the polar, and within the lowermost stratosphere. Figure 7a relates the AoA variability in the tropical stratosphere at 600 K (about 24 km) to the local effects of residual circulation and eddy mixing, using the framework of equation (2). The figure shows the time series of AoA (top), directly and indirectly calculated AoA tendencies (middle) and the contributions of residual circulation and eddy mixing to the tendency (bottom). The variability of the AoA time series results from the superposition of different frequencies (e.g., annual cycle and QBO). Comparison of the directly calculated net AoA tendency to the net tendency indirectly calculated by summing up all terms on the right-hand side of equation (2) shows that the calculated budget is very well closed (black versus orange lines in Figure 7a The comparison of the different tendencies in Figure 7a (bottom) shows that in the tropics, locally the residual circulation effect clearly dominates (residual circulation tendency, blue), whereas the mixing effect almost vanishes (mixing tendency, red). The variability of the net AoA tendency (Figure 7a, middle) , resulting from the superposition of both effects, clearly follows the residual circulation. Each increase or decrease of AoA during the considered period is caused locally by the residual circulation (e.g., compare the coinciding maxima in winters 2006 and 2008 or in summers 2010 and 2012 in the net tendency and in the residual circulation tendency). We emphasize again that this strong dependence of tropical AoA variability on the residual circulation by no means implies that mixing is unimportant for AoA in the tropics. Remote mixing processes may significantly affect AoA even at locations where the local tendency is dominated by the residual circulation (compare Figure 6) . Locally, however, the tropical AoA variability on seasonal to interannual timescales can be largely anticipated from the local variability of the residual circulation.
Tropical Stratosphere
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The tropical AoA time series in Figure 7a is clearly modulated by the QBO. Figure 7a shows that AoA decreases occur during QBO easterly shear phases when tropical upwelling modulated by the QBO is strongest, for instance, during winters 2005/2006 and 2007/2008 , and during spring 2009 (QBO easterly phases at the respective level are shaded in gray in Figure 7 , the mean zonal wind between 10
• S and 10
• Nat the considered level is shown as a gray line). The residual circulation effect in Figure 7a (bottom), smoothed with a 6 month running mean (light blue), clearly illustrates that these AoA decreases are related to the enhanced upwelling during QBO easterly shear phases.
NH Subtropical Stratosphere
In the NH subtropical stratosphere (Figure 7b) , the clearest signal in the AoA time series is the approximately 2 year oscillation related to the QBO. However, the attribution of subtropical AoA minima and maxima to particular QBO phases (which are defined by winds in the deep tropics) is less clear than in the tropics. The AoA minima mainly occur at the end of QBO easterly phases (in 2004 even in the westerly phase), while the maxima occur at the end of westerly phases.
As already stated in section 2, the QBO induces a secondary meridional circulation and modulates mixing [e.g., Baldwin et al., 2001] . As a result, the subtropical transport barriers shift toward the summer hemisphere during QBO westerly phase [e.g., Palazzi et al., 2011] , caused by a weakened meridional circulation and planetary waves penetrating to lower latitudes (shift of zero wind line). The local effect of eddy mixing to the AoA tendency is largely opposite to the local residual circulation effect (Figure 7b (bottom) , and the net AoA variability results as the residual of these two opposite effects. Both local effects show a clear modulation by the QBO, maximizing at the end of QBO easterly phase. The modulation of the local residual circulation effect appears stronger, such that during westerly phase to easterly shear phase the local mixing effect dominates and AoA increases. This is consistent with the shift of transport barriers toward the summer hemisphere during westerly phase (compare Figure 1) . During these periods (e.g., during winters 2005/2006, 2006/2007, and 2008/2009 ) the transport barrier is located equatorward of the subtropics, such that poleward advection of young tropical air by the residual circulation is strongly suppressed and mixing may increase AoA.
Closer inspection of the time series of local circulation and mixing effects in Figure 7b (bottom) shows a weakening of both effects in the subtropics during the last decade. This decadal change of the local effects will be further discussed in section 5.
Polar Stratosphere
In the SH polar stratosphere (here 500 K) AoA shows a distinct annual cycle with oldest air at the end of austral winter (Figure 7c ), related to strong isolation within the polar vortex and downwelling of aged air from above due to diabatic descent. Again, the local effects of the residual circulation and eddy mixing are opposite, with the circulation effect increasing AoA and the mixing effect decreasing AoA. Compared to the subtropical latitudes (Figure 7b ), in the polar stratosphere the maximum residual circulation and eddy mixing effects are slightly displaced in time and therefore the resulting net AoA changes turn out to be much larger.
The AoA decrease at the end of winter occurs very abruptly every year when the vortex breaks up and lasts for only about a month. The corresponding large negative net tendencies decreasing AoA in spring (Figure 7b During austral fall and winter, downwelling because of the residual circulation steadily increases AoA at polar latitudes. Note that the residual circulation effect shows a clear modulation with weaker aging during QBO easterly shear phases (QBO phases in Figure 7c have been defined at 500 K, whereas in Figures 7a and 7b they have been defined at 600 K). This illustrates how the QBO may affect even polar latitudes via modulating wave propagation, wave breaking, and the resulting downwelling [e.g., Holton and Tan, 1980] .
Lowermost Stratosphere
Within the lowermost stratosphere (370 K), the clearest AoA variability appears to be related to the annual cycle [see also Bönisch et al., 2008] , with oldest air during winter and youngest air at the end of summer (Figure 7d ). The local effects (bottom) show how the "flushing" of the NH with young air during spring and summer (negative net tendencies in Figure 7d , middle) is locally related to the superposition of residual PLOEGER ET AL. circulation and mixing effects. The local residual circulation effect, which generally decreases AoA in this region, becomes strongest during late winter and spring. The mixing effect increases AoA during most of the year but becomes negative in summer and hence amplifies the summertime AoA decrease.
Consideration of the decadal changes in residual circulation and mixing tendencies (Figure 7d (bottom) , dashed line shows linear regression fits) shows that the circulation effect has strengthened (i.e., becoming more negative), whereas the mixing effect has remained almost unchanged for the period under consideration. This behavior is different compared to the subtropical stratosphere at higher altitudes (Figure 7b ), where changes in both effects are similarly strong. Further discussion of these changes of the local effects will be provided in section 5. Note that in the lowermost stratosphere the calculated budget is less well closed compared to higher levels (black and orange lines in Figure 7d , middle) indicating that some processes are less well captured in the zonal mean budget calculation in this region (e.g., small-scale mixing).
Discussion
Interpreting mean age long-term changes simply in terms of changes in the local residual circulation and eddy mixing effects can be misleading, because the mean age of a given air parcel results as the integrated effect of the various tendency contributions in equation (2) along the parcel trajectory through the stratosphere (see section 3.2). However, investigation of the changes in the local effects may provide further insight into the processes locally causing these changes.
The residual circulation tendency (analogous to Figure 5 ) and its change during the last decade (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) in the upper troposphere and lower stratosphere is shown in Figure 8 . Between about 40
• N/S, the local residual circulation effect (black contours) is negative, indicating that upward and poleward advection of young air by the shallow residual circulation branch decreases mean age in this region (see also Figure 5 ). The significant negative decadal changes of the residual circulation effect on AoA around the tropopause (bluish shading) indicate a strengthening advection of young air by the shallow circulation branch over the last decade (note that mean age in the model was defined with respect to the boundary layer and therefore is well defined in the troposphere). This strengthening of the lowermost part of the shallow circulation branch, recently termed the "transition branch" by Lin and Fu [2013] , is also observable in the tropical upward mass flux, which is frequently used as a measure for the strength of the residual circulation. Figure 9 shows the deseasonalized upward mass flux for the 2002-2013 period at two particular levels in the lower stratosphere, calculated from the ERA-Interim TEM vertical velocity w * [e.g., Andrews et al., 1987] between turnaround latitudes [e.g., Seviour et al.,
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©2014. The Authors. 2011]. At the lower level (15.3 km) the upward mass flux has increased during the last decade, reflecting the fact of a strengthening residual circulation effect on mean age around the tropopause (Figure 8 ). This implies a strengthening of the shallow circulation branch, reported here for the period 2002-2013, which is in agreement with recently published analyses of mean age of air and of tropical upwelling [e.g., Bönisch et al., 2011; Garny et al., 2011] . At the upper level (19 km), on the contrary, the upward mass flux has decreased (Figure 9 ). Likewise, the local residual circulation effect causes an AoA increase (Figure 8 ). Consequently, our analysis shows that during the last decade the shallow residual circulation branch has accelerated only in the lowest part of the stratosphere at levels around the tropopause, in agreement with the results of Aschmann et al. [2014] . Figure 10 shows latitude profiles of the local residual circulation (top) and eddy mixing (bottom) effects on AoA, and their respective decadal changes (dashed), calculated from a linear regression, in the lower stratosphere at 600 K. The clearest signal is a positive decadal change in the local residual circulation effect and a negative change in the local mixing effect around 30
• N. As the mean circulation tendency (solid lines) in this region is negative and the mean mixing tendency is positive, these changes represent a weakening of both effects in this region during the last decade. The black solid lines in Figure 10 show the local effects at the beginning of the decade (2002), whereas the red lines show the local effects at the end of the decade (during 2013), both calculated from the linear regression. Hence, the differences between the red and black solid lines show the decadal change during 2002-2013. Clearly, the particular change pattern implies a southward shift of the local residual circulation and mixing effect patterns over time. Note that the decadal changes (calculated from a linear regression) are significant at the 2 level only around their maxima (highlighted in gray). But the change patterns in both effects are very clear and related, providing additional reliability in the interpretation of a southward shift of the mean circulation pattern in the NH during the last decade. A corresponding shift in subtropical mixing barriers and implications for mean age and trace gas distributions is proposed by Stiller et al. [2013] .
Recently, Gerber [2012] showed evidence for different driving mechanisms of the shallow and deep residual circulation branches. They showed from an idealized GCM study that the shallow circulation branch is mainly ("tropospherically") controlled, directly by waves caused by orography. The deep circulation branch, on the contrary, turned out to be mainly controlled by ("stratospheric") diabatic forcing of the polar vortex, which modulates wave propagation. The strong gradients in the effects of residual circulation and eddy mixing ( Figure 5 ) support these ideas concerning a transition between different dynamical regimes (compare section 3.1). Likewise, the fact that mean age and the local circulation and mixing effects evolve differently in the lowest part of the stratosphere (below about 450 K) compared to the region above may indicate different driving mechanisms to be involved.
Clearly, the usage of reanalysis data for estimating changes on longer timescales, as done in this study regarding decadal changes, raises questions about uncertainties of the results. On the one hand, potential inhomogeneities in reanalysis data sets caused by changes in the data assimilation may introduce discontinuities into the simulation. Stratospheric temperatures in ERA-Interim reanalysis, for instance, are affected by the introduction of AMSU-A data in 1998 and radio occultation data at the end of 2006 [Deeetal., 2011 . On the other hand, studies based on older reanalysis products than ERA-Interim [e.g., Schoeberl et al., 2003] showed that winds from data assimilation systems may cause excessive dispersion and spurious transport PLOEGER ET AL.
©2014. The Authors.
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in both the vertical and horizontal direction. Furthermore, T anetal. [2004] showed that this spurious subtropical transport is related to the proliferation of eddy features in the subtropics of a data assimilation system. We cannot rule out that our simulation is influenced to a certain extent by such problems. However, Fueglistaler et al. [2009] showed that the biases in the heat and momentum budget of ERA-Interim are much reduced compared to previous reanalysis like ERA-40. Moreover, Monge-Sanz et al. [2012] found recently that also the spurious dispersive transport in ERA-Interim is significantly reduced and characteristics of stratospheric transport (e.g., age of air, vertical dispersion) are clearly improved. Hence, these studies indicate a significant improvement of stratospheric transport in ERA-Interim compared to previous reanalyses.
In addition, our detailed comparison to mean age observations from MIPAS and different in situ instruments (see also Appendix A) shows that the transport model CLaMS based on ERA-Interim reanalysis data simulates stratospheric mean age of air well and even its interannual variability and change during the last decade. Although we cannot rule out biases introduced by the underlying data assimilation system, we consider this good agreement between the AoA model simulation and observations as a strong motivation for the analysis presented here. The particular AoA decadal change pattern, with increasing/decreasing AoA in the NH/SH at altitudes of the tropical pipe, is also evident to some degree from the simulations of Diallo et al. [2012] and Monge-Sanz et al. [2012] , which are both based on ERA-Interim reanalysis as well, although for different time periods. All of these ERA-Interim-based AoA simulations bear resemblance to observed systematic (linear) AoA changes. Therefore, it appears useful to consider reanalysis-based estimates of these AoA changes, keeping in mind the potential biases mentioned above.
Summary and Conclusions
In this paper we analyzed the variability of stratospheric mean age of air (AoA) simulated with the Lagrangian chemistry transport model CLaMS for the period 1988-2013, driven by ERA-Interim winds and diabatic heating rates. We compared the model results to global AoA observations from the MIPAS instrument. Overall we found good agreement between simulated and observed AoA, even for its interannual variability and change during the last decade. In spite of the known limitations of reanalyses for trend studies (compare section 5), this underlines the usefulness of ERA-Interim-based transport simulations for analyzing interannual variability and long-term changes. In particular, the decadal AoA change during 2002-2012 from the CLaMS simulation shows reliable agreement with MIPAS observations, regarding the main significant characteristics like decreasing AoA in the SH and increasing AoA in the NH, and decreasing AoA in the lowest part of the stratosphere (below about 450 K).
We further find that AoA in the lower stratosphere shows a large interannual variability, strongly affected by the QBO. The related interannual AoA anomalies show year-to-year changes frequently of about 0.5 year, and with the QBO-induced signal clearly visible even at high latitudes. This large interannual variability emphasizes the need for continuous time series of observationally based AoA for estimating AoA variability and changes. Furthermore, it raises questions about the reliability of AoA simulations from models without a QBO. In particular, uncertainties in the representation of the QBO in models, related to the prominent role of gravity waves in driving the QBO [e.g., Ern et al., 2014] , may cause uncertainties in simulating interannual mean age variability.
Applying the isentropic zonal mean continuity equation to mean age allows separation of the local effects of the residual circulation and eddy mixing on AoA. The mean age at a given location results as the sum of the residual circulation transit time and of the effect of local mixing integrated along the air parcel pathway. We calculated this integrated mixing effect within the isentropic zonal mean framework and found good agreement with the recently proposed "aging by mixing" [Garnyetal., 2014] . In addition, our approach provides the local mixing effect at every location and time in the atmosphere.
The comparison of these local effects of circulation and mixing on AoA shows that both local effects are largely opposite and of the same order of magnitude. Therefore, AoA changes are the result of a delicate local balance between the competing effects of residual circulation and mixing. Consequently, AoA changes are not unambiguously related to residual circulation changes, and diagnosing circulation changes from AoA without accounting for mixing effects seems problematic, in general.
The local mixing effect is strongest in the lower stratosphere below about 500 K (∼20 km); hence, mixing mainly occurs below this level. However, mixing impacts AoA at all levels above, as pointed out by Garny PLOEGER ET AL.
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et al. [2014] . In particular, local mixing increases AoA in the tropics equatorward of about 40
• by mixing in aged air from higher latitudes and decreases AoA poleward, by exchange of air with the tropics. The local effect of the residual circulation is a mirror image of the mixing effect, decreasing AoA at low latitudes and increasing AoA at high latitudes. The strong vertical gradients of local mixing and circulation effects around 500 K, as well as the strong horizontal gradients around 40
• N/S are consistent with the existence of a deep and a shallow residual circulation branch, as proposed by Birner and Bönisch [2011] .
In the lowest part of the stratosphere, the local residual circulation effect strengthened during the last decade (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . We interpret this decadal change as a strengthening of the shallow residual circulation branch, supporting the results of Birner and Bönisch [2011] and Bönisch et al. [2011] . In the lower stratosphere above, at levels of the tropical pipe, the decadal changes of the local mixing and circulation effects are related and can be interpreted as a southward shift of the mean circulation pattern. This interpretation supports the hypothesis of a southward shift of the subtropical mixing barriers during the last decade [Stiller et al., 2013] as reason for the observed decadal AoA and trace gas changes.
Appendix A: Comparison of Simulated Mean Age to Observations
In addition to MIPAS satellite observations, further AoA estimates exist based on airborne in situ observations of SF 6 and CO 2 , from different measurement campaigns during the last decades. This AoA data set has been used in several studies as a standard benchmark for validation of model simulations [e.g., Waugh and Hall, 2002] . For completeness, we compare the CLaMS simulated mean age of air with this data set. Figure A1 compares latitudinal profiles of CLaMS simulated mean age of air at 20 km, AoA based on MIPAS observations of SF 6 [Haenel et al., 2014] and on airborne in situ observations of SF 6 and CO 2 (same data as shown in Waugh and Hall [2002] , based on various measurements, [Boering et al., 1996; Andrews et al., 2001; Elkins et al., 1996; Rayetal., 1999; Harnisch et al., 1996] ). The shadings show the range of monthly mean values for CLaMS and MIPAS, while the error bars show the range between minimum and maximum in situ observations in each latitude bin. Overall, the agreement between CLaMS and in situ CO 2 -based AoA is very good. Compared to SF 6 -based estimates, CLaMS shows younger age particularly at high latitudes, likely related to the mesospheric sink of SF 6 . In middle latitudes, simulated AoA is at the lower end of the observational range. Further, in the subtropics, the simulated AoA gradient appears slightly weaker than observed in situ, but agrees with the latitudinal gradient from MIPAS. However, all these differences between simulated and observed AoA are similar in magnitude to the differences between AoA from the different observational sources. We conclude that CLaMS simulated AoA at 20 km reliably agrees with the range covered by the different in situ and satellite observations. Figure B1 shows the local residual circulation and mixing tendencies in the mean age budget equation (2), similar to Figure 5 but separated into their vertical and horizontal components. Clearly, the residual circulation tendency is dominated by its vertical component. Only at subtropical latitudes, around the edge of the tropical pipe, horizontal advection by the residual circulation also contributes. This horizontal contribution decreases AoA by poleward advection of young tropical air. The mixing tendency, on the other hand, is dominated by its horizontal component, reflecting the isentropic (quasi-horizontal) nature of eddy mixing. As eddy mixing exchanges air masses in a two-way process, it increases AoA at low latitudes and decreases AoA at latitudes poleward of about 40
Appendix B: Vertical and Horizontal Residual Circulation and Mixing Tendencies
• N/S.
